The Journal of Neuroscience, December 1, 2000, 20(23):8604-8609

Estrogen Is Essential for Maintaining Nigrostriatal Dopamine
Neurons in Primates: Implications for Parkinson’s Disease and

Memory
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There are sexual differences in several parameters of the nigro-
striatal dopamine neurons, as well as in the progression of
diseases associated with this system, e.g., Parkinson’s disease
and dementia. These differences, as well as direct experimental
data in rodents, suggest that gonadal hormones play a role in
modulating this system. To determine whether circulating estro-
gen might have long-term effects by altering the number of
dopamine neurons, the density of dopamine neurons was calcu-
lated in the compact zone of the substantia nigra of male and
intact female short- (10 d) and longer-term (30 d) ovariectomized
and short- and longer-term ovariectomized but estrogen-
replaced nonhuman primates (African green monkeys). Further-
more, the number of tyrosine hydroxylase-expressing neurons,
the total number of all types of neurons, and the volume of the
compact zone of the substantia nigra were calculated in 30 d
ovariectomized and in 30 d ovariectomized and estrogen-

replaced monkeys. Unbiased stereological analyses demon-
strated that a 30 d estrogen deprivation results in an apparently
permanent loss of >30% of the total number of substantia nigra
dopamine cells. Furthermore, the density calculations showed
that brief estrogen replacement restores the density of tyrosine
hydroxylase-immunoreactive cells after a 10 d, but not after a
30 d, ovariectomy. Moreover, the density of dopamine cells is
higher in females than in males. These observations show the
essential role of estrogen in maintaining the integrity of the nigral
dopamine system, suggest a new treatment strategy for patients
with Parkinson’s disease and with certain forms of memory-
impairing disorders, and provide another rationale for estrogen
replacement therapy for postmenopausal women.
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Gender differences are apparent in the onset and progression of
Parkinson’s disease (PD). Estrogen administration lowers the se-
verity of symptoms of PD in postmenopausal women with early
onset of the disease and beneficially affects certain types of memory
impairments (Mayeux et al., 1992; Sherwin, 1997; Saunders-Pullman
et al., 1999). The primary motor symptoms of PD and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism
(Ehringer and Hornykiewicz, 1960) as well as PD-related dementia
and other forms of memory impairments (Ehringer and Hornyk-
iewicz, 1960; Goldman-Rakic, 1998) in nonhuman primates are
associated with the loss of mesencephalic dopamine (DA) neurons.
DA cell loss during normal aging (Anglade et al., 1997) and in PD
is associated, at least partly, with apoptotic cell death (Burke and
Kholodilov, 1998). Any strategy shown to be effective in slowing or
preventing DA cell loss should have an important impact on these
DA-related disorders. Laboratory observations suggest that estro-
gen dramatically affects mesencephalic DA cells. A number of
gender differences in DA function in the striatum and nucleus
accumbens have been described in rodents (Becker, 1999). In
female rats estrogen and progesterone modulate DA activity, but in
male rats estrogen has no effect on striatal DA release. The DA
content of striatal tissue in this species is also higher in females
than in males (McDermott et al., 1994). Both tyrosine hydroxylase
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(TH) and DA turnover rates are higher during diestrus (rising
estrogen level) than in estrus (low estrogen level) (Fernandez-Ruiz
et al., 1991). Furthermore, estrogen has a protective effect against
MPTP-induced neurotoxicity, including apoptosis, in mice
(Dluzen et al., 1998). These data clearly indicate that estrogen has
an impact on the rodent mesencephalic DA system. Most impor-
tant, the finding that ovariectomy (OVX) results in a profound
reduction in the density and an alteration in the morphology and
distribution pattern of TH-immunoreactive axons in the prefrontal
cortex of monkeys (Kritzer and Kohama, 1998) suggests that not
only the integrity of axons but also the parent neurons may be
dependent on circulating ovarian hormones. Because this informa-
tion is relevant to human DA-dependent disorders, the effect of
estrogens on DA cell survival was addressed in nonhuman pri-
mates. It is important to study primates because of the similarity of
menstrual cycles and the anatomical connections and functions of
the mesencephalic DA systems (Lewis and Sesack, 1997) in hu-
mans and other primates.

MATERIALS AND METHODS

Young and adult female (n = 18) and male (n = 3) African green monkeys
(Cercopithecus aethiops sabaeus; of reproductive age without stigmata of
advanced age) were used. The animals were housed in individual cages
(water and monkey chow were provided in excess of nutritional needs) at
the St. Kitts Biomedical Research Foundation (St. Kitts, West Indies). The
facility is in full compliance with all applicable United States regulations,
and treatment and care of these monkeys were in compliance with the
Guide for the Care and Use of Laboratory Animals (1996, United States
Public Health Service, Washington, DC: National Academy).

Female monkeys were divided into six experimental groups (three
animals in each group): (1) intact females, (2) females that were OV X for
10 d (short-term) before killing, (3) short-term OV X plus 2 d estrogen
treatment, (4) 30 d OV X plus 2 d estrogen treatment, (5) 30 d OVX, and
(6) OVX with estrogen replacement for 30 d. The short-term (2 d)
estrogen-treated monkeys received a single injection of 150 ug of estradiol
benzoate in 1 ml of sesame oil. This dose of estradiol is known to elicit a
luteinizing-hormone surge (Karsch et al.,, 1973). The 30 d OVX plus
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estrogen-replaced animals received two 4 cm estrogen-filled (100% estra-
diol benzoate) SILASTIC capsules that were implanted below the skin of
the back, at the time of OV X. The 10 and 30 d OV X animals did not
receive vehicles (sesame oil or empty SILASTIC capsules, respectively).
According to our previous observations and those of others, these treat-
ments do not effect gonadal hormone levels in OV X monkeys (Levine et
al., 1985a,b; Leranth et al., 1992), but they require anesthesia and cause
probable transient nonspecific effects, such as pain and discomfort associ-
ated with the procedures. Before killing the animals (by an overdose of
pentobarbital), blood was collected from the female monkeys, and the se-
rum estrogen level was measured by the use of radioimmunoassay (the
sensitivity of the radioimmunoassay used is >15 pg/ml). After rinsing the
vascular system with 11 of 0.9% NaCl (with heparin, 1 U/ml), animals were
transcardially perfused with 1500 ml of fixative containing 4% parafor-
maldehyde and 0.08% glutaraldehyde in phosphate buffer, pH 7.35. Brains
were removed, and vibratome sections cut in a frontal direction from the
anteroposterior middle area of the substantia nigra pars compacta (SNpc;
7-9 mm anterior from the interauricular line) were immunostained for TH
(all samples were run in a single batch) (Leranth et al., 1998). Fifty-
micrometer-thick vibratome sections were cut from the substantia nigra of
animals of experimental groups 1-5, and a 1075 X 800 wm unit area (UA =
0.86 mm ?) located lateral (3.22 mm) from the midline and 7 mm above the
interauricular line was video photographed on each. The photographed
field was in the center of a 3 X 1.8 mm area of the SNpc, in which the cell
density is homogeneous. On the photographs (enlarged to 8.5 X 11 inches),
only those TH-immunoreactive neurons that contained at least a portion of
the nucleus (immunonegative) were counted. Sixteen to 18 sections were
counted for each monkey, with the first section selected randomly and then
every 10th section thereafter (pseudorandom sample). A two-factor
ANOVA test with repeated measures was used to analyze the significance
of differences between groups. Post hoc analysis was performed by the
Newman-Keuls test (SAS Institute, Cary, NC). Furthermore, comparative
light microscopic analysis was performed on sections of the SNpc that were
lightly immunostained for TH and counterstained with cresyl violet from
intact, 10 d OVX, 10 d OVX plus estrogen-treated, and 30 d OV X plus
estrogen-treated females and males. Only the surface area of each vi-
bratome section that contained the immunostained neurons was analyzed
because of the possible variable penetration of TH antibody into the
sections. Because this distance cannot be quantified precisely, the resulting
densities are only valid comparatively across the groups in this study. For
the purpose of presenting the cell counts as density per unit volume, the
volume was calculated from the 50-um-thick section.

To confirm the comparative effects identified in the pars compacta,
unbiased stereological estimates of the density of all types of neurons
(stained with toluidine blue) and that of TH-immunoreactive cells were
performed using the optical disector method (Gundersen et al., 1988) in
monkeys in experimental groups 5 and 6. These density counts were then
corrected for the total volume of the SNpc, calculated by the method of
Cavalieri (1966), to obtain values for the total number of all neurons and
TH-immunoreactive cells within the SNpc. To perform this analysis, 40
um serial vibratome sections were cut throughout the compact zone of the
SN, and every 10th section was stained with toluidine blue, whereas the
remaining sections were immunostained for TH. After staining, dehydrat-
ing, and coverslipping the sections with Permount, the final section thick-
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Figure 1. Light micrographs show TH-
immunoreactive neurons in the substantia
nigra of female and male monkeys. a, Intact
female. b, Ten day OV X plus 2 d estrogen-
treated female. ¢, Ten day OVX female. d,
Male. Note the higher density of TH-
immunopositive neurons in the intact female,
male, and estrogen-treated OV X animals
compared with the OV X monkey. Scale bar,
500 pm.

ness was measured with a z-axis micrometer, and the boundaries of the
SNpc were drawn for each section using a drawing tube. Thereafter, a
point-counting grid was superimposed over the drawing of each section,
and the volume of the SNpc (V) was calculated according to the formula:
V = 3P X a(P) X t, where a(P) is the area between grid points (corrected
for magnification), P is the number of grid points lying within the bound-
aries of the SNpc, and ¢ is the thickness of the SNpc (average section
thickness X number of sections). The total number of SNpc neurons and
that of TH-immunoreactive cells were determined using the optical disec-
tor method by counting stained cells in all sections of the series within a
5 X 30 X 30 wm sampling box. The position of counting boxes was selected
within each section in a systematic-random manner. Counts obtained from
the sampling boxes were then extrapolated to the entire volume of the
SNpc to yield the total cell number. The central feature of these techniques
is the use of a systematic-random sampling that meets the statistical
requirements necessary to insure an unbiased estimate of the feature of
interest. After appropriate preliminary tests of distribution and variance, ¢
tests were used to determine differences between these two groups.

RESULTS

The density of TH-immunoreactive DA-producing neurons located
in identical areas of the compact zone of the substantia nigra of
young adult male, intact female, short- (10 d) and longer-term (1
month) OVX female, and short- and longer-term OVX plus
estrogen-treated animals were compared (Fig. 1). The level of
circulating estrogen in both 10 and 30 d OVX monkeys was <15
pg/ml. After a 2 d estrogen treatment of 10 and 30 d OV X animals,
the estrogen levels increased to 420-490 pg/ml. Statistical analyses
(Table 1) demonstrated that (1) the DA cell density in the SNpc of
intact females, males, and short-term OV X females that received
estrogen 2 d before killing was significantly higher than that of
OV X-only animals, (2) no significant difference was observed be-
tween the decrease of SNpc DA cell density of 10 and 30 d OVX
females, (3) intact female monkeys had a higher SNpc DA cell
density than did males, and (4) estrogen replacement for 30 d
appears to prevent the loss of DA neurons (Table 2). Comparative
light microscopic analyses demonstrated that in the 10 d OVX
animals, a population of the TH-immunoreactive neurons had no
immunostained dendrites (Fig. 2b), although all of the TH-positive
cells exhibited long, immunostained dendrites in intact females
(Fig. 2a) and males and 10 and 30 d OVX plus estrogen-treated
females.

To determine whether possible differences in cell size or SNpc
volume might be responsible for these changes described above, we
performed unbiased stereological calculations regarding the total
volume of the compact zone of the SNpc, the total number of
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Table 1. Comparative cell density analysis of the pars compacta across groups of ovariectomized females
and untreated normal males and females of similar ages: serial section densities with SDs

Density of New-
TH /unit Number of man— % intact

Monkey number volume SD sections Keuls* females
Intact female

1 2175 111 17

2 2168 197 17

3 2179 140 17

Mean 2174 150 B 100%
Male

4 1754 103 16

5 1767 114 16

6 1727 155 16

Mean 1750 124 C 80%
10 d OVX

7 1362 251 17

8 1352 230 17

9 1428 206 17

Mean 1381 228 D 64%
10d OVX plus 2 d

estrogen treatment

10 2494 228 17

11 2429 207 15

12 2440 168 16

Mean 2456 201 A 113%
30d OVX plus 2d

estrogen treatment

13 1292 188 18

14 1369 120 17

15 1375 130 17

Mean 1344 152 D 62%

ANOVA, (group) F = 482; df = 4,10; p < 0.0001; (section) F = 0.45; df = 17,155; p = NS; (monkey) F = 0.59; df = 10,155;

p =NS.

*Groups with same letter are not different (p < 0.05).

The density of TH neurons is shown.

ANOVA of TH density showed highly significant differences between the groups but no differences between the sections
(F = 0.45; df = 17,155) or monkeys within groups (F = 0.59; df = 10,155) and no significant interactions in a two-factor,
repeated measures design. Post hoc tests (Student; Newman—-Keuls) showed that all groups were different from each other,
except for the 30 d OV X plus 2 d estrogen treatment and the 10 d OV X without estrogen groups. Groups with the same letter

are not different (p < 0.05).

neurons in this area, and the number of TH-immunoreactive cells.
These studies were performed on six 30 d OV X monkeys; half of
them received estrogen replacement immediately after OVX,
which resulted in a consistent 80-90 pg/ml serum estrogen level
during the period. This analysis showed that there was a small, but
significant, change in the volume of the SNpc between the two
groups (Table 2). Furthermore, the volume changes were in the
wrong direction for them to account for the much larger differences
in cell density in the pars compacta studied in the other experi-
mental groups (Table 1). The total number of cells counted was
significantly reduced without estrogen replacement, but there was
no significant difference in the non-TH cells, suggesting that TH
cells were lost instead of just failing to express their TH phenotype.

DISCUSSION

These observations show that estrogen plays a role in maintaining
SNpc DA cells in primates and exerts a very rapid restorative
action after short-term estrogen deprivation. At 10 d after OV X, at
which time endogenous estrogen is practically eliminated, DA cell
density decreased significantly compared with that of intact fe-
males. In addition, the data indicated that although short-term
estrogen depletion dramatically reduced the density of TH-
immunoreactive SNpc cells and dendrites (or only reduced TH
below its detection level; Fig. 2), this effect was completely reversed

by estrogen restoration. Two days after estrogen replacement in
these animals, the density of TH-immunoreactive neurons recov-
ered and was even higher than that in intact females. In contrast,
the effect of a more prolonged lack of estrogen (30 d) cannot be
reversed with short-term estrogen treatment. Estrogen replace-
ment for 2 d in 30 d OV X monkeys did not have an effect, and the
density of DA neurons was no different from that seen 10 d after
OV X alone. Furthermore, in the SNpc of these animals, all of the
melanosome-containing cells located in the surface area of the
sections were TH immunopositive, and putative (melanosome-
containing but TH-immunonegative) DA cells were not present.

It should be noted that the plasma levels of estrogen in the OVX
monkeys remained <15 pg/ml (which is the detection level of our
assay system), whereas during the low estrogen days of the men-
strual cycle, they are maintained at or >80 pg/ml (Hess et al.,
1979). Primate DA systems appear in general to be insensitive to
native states of hormone flux (Kritzer and Kohama, 1998). In our
experiments it is most likely that the severe and sustained reduction
in estrogen levels is responsible for the loss of TH immunoreactiv-
ity. Therefore, such changes would probably not be normally asso-
ciated with the menstrual cycle but perhaps be more likely relevant
to postmenopausal phenomena.

It appears that only a certain population of DA neurons (~40%)
is sensitive to estrogen deprivation up to 30 d, because the density
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Table 2. Unbiased stereological analysis

Density TH cell Non-TH All

Monkey number of TH Volume count count neurons
30 d OVX without

estrogen

16 1778 25.2 44,795 38,549 83,345

17 1820 26.0 47,381 37,228 84,609

18 1778 243 43,160 33,788 76,948

Mean 1791 252 45,112 36,522 81,634

SD 25 0.9 2,128 2,458 4,107
30 d OVX with 30 d

estrogen treatment

19 2211 304 67,114 43,622 110,736

20 2190 30.8 67,522 39,210 106,732

21 2218 31.7 70,351 38,138 108,490

Mean 2207 31.0 68,329 40,324 108,653

SD 15 0.7 1,763 2,906 2,007

t 25 9 14.5 1.73 10.23

p 0.0001 0.0008 0.0001 NS 0.0005

df 4 4 4 4 4

The total number of all neurons, that of TH-immunoreactive cells, their density, and the volume of the compact zone of the

substantia nigra unilaterally in different experimental groups are shown.

Unbiased stereological analysis of two key groups showed small but significant differences in the total volume of the pars
compacta and significant differences between the groups for TH density, total TH cell count, and total number of neurons.

There was no significant difference between the groups for the count of non-TH cells.

of DA cells does not decrease further between the SNpc of 10 d
OVX and that of 30 d OV X plus estrogen-treated monkeys (Table
1). This view is supported by the observation that only a population
of the TH neurons, which may represent the estrogen-sensitive
cells, appears to lack immunopositive dendrites, whereas the other
TH-immunoreactive neurons have long, heavily immunostained
processes. The dendritic loss or the reduced TH level in these
structures could be a precursor to cell death. Experimental manip-
ulation of the gonadal hormone levels induces structural alterations
in other brain areas. For example, the lack of these hormones,
shortly after OVX, greatly decreases pyramidal cell spine density
in the rat CA1l hippocampal subfield and can be prevented by
estrogen replacement (Woolley, 1999). However, it is not known
whether estrogen administration restores the density of spines after
a prolonged gonadal hormone deficiency.

The higher DA cell density in males compared with OVX
females also supports the view that estrogen is necessary to main-
tain SNpc DA cells because males also produce a low level of
estrogen as a result of aromatization of circulating androgen (Naf-
tolin et al., 1975).

Our data suggest that 30 d of estrogen deprivation may result in
the death of some DA neurons. Supporting this idea is the fact that
dopamine neurons usually contain melanosomes. If the reduction
in the density of TH-positive cells was caused by cells no longer
expressing TH, one would expect to see some melanosome-
containing but TH-immunonegative cells, but none were present.
Second, the reduction in the total density of neurons was almost
identical to the reduction in TH-positive neurons (although the
density of non-TH neurons was not reduced). Both of these find-
ings would support the idea that the neurons were no longer
present (had died). However, it is possible that the DA neurons
were still present, but some were not expressing TH, and that
estrogen deprivation had led to the death of nearly exactly the same
number of other types of neurons to explain the overall reduction
in density. The finding that short-term (2 d) estrogen treatment of
30 d OV X monkeys fails to induce any recovery, as it does in 10 d
OV X subjects, may suggest that this short period or the doses of
exogenous estrogen may be inadequate and that a longer or more
aggressive or complex treatment, e.g., a combination of estrogen
and progesterone, might be needed to reverse the DA cell loss. It

has been reported that hormone replacement of monkeys with
estrogen alone was less effective in reversing the OV X-induced
dramatic reduction of DA innervation of the dorsal prefrontal
cortex than was a treatment involving estrogen administration
followed by progesterone administration (Kritzer and Kohama,
1998). Therefore, especially considering the possible consequences
of any conclusions regarding DA neuron cell death on treatment
strategies in humans, further studies are needed both to character-
ize the mechanisms responsible for these effects and to determine
whether longer, more aggressive estrogen treatment periods or
combined estrogen and progesterone administration will be effec-
tive in reversing the DA cell loss observed.

A number of potential mechanisms have been proposed for the
neuroprotective actions of estrogen, including the prevention of
apoptosis (see Green and Simpkins, 2000; Sawada and Shimohama,
2000). This experiment does not answer the question of how
estrogen protects dopamine neurons. Many adverse effects on DA
cells, including MPTP treatment, induce apoptosis, and estrogen
has a protective effect against MPTP-induced neurotoxicity
(Dluzen et al., 1998). Therefore, it seems likely that the prolonged
absence of estrogen induces apoptosis in DA neurons. Whether
this estrogen action on DA neurons reflects genomic or non-
genomic effects is not clear. At least in human endothelial cells, the
antiapoptotic effect of estrogen is mediated by estrogen receptors
(Spyridopoulos et al., 1998). In rodents, only a few TH cells located
in the retrorubral field contain estrogen receptor-a (Kritzer, 1997),
and the presence of estrogen receptor-aa was not reported in the
SN of monkeys (Blurton-Jones et al., 1999). However, a recent
study on the distribution of estrogen receptor-8 in rats demon-
strated the presence of this estrogen receptor subtype in a large
number of unidentified cells in ventral mesencephalic dopamine
cell-containing areas (Shughrue et al., 1997). It is also possible that
estrogen acts on DA cells indirectly, via other estrogen-sensitive
neurons. Experiments performed on cultured hippocampal cells
demonstrated that estrogen receptor-containing GABAergic inter-
neurons are involved in the synaptoplastic effect of estrogen on the
nonestrogen receptor-containing CA1l area pyramidal neurons
(Murphy et al., 1998). Furthermore, we have shown that estrogen
receptor-containing subcortical areas also mediate estrogenic action
to the aforementioned hippocampal neurons (Leranth et al., 2000).
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Figure 2. Light micrographs taken from the substantia nigra of an intact
female and a 10 d OVX monkey. a, In the intact female, all of the TH-
immunoreactive neurons have long, heavily immunostained dendrites. b, In
the OV X animal, the TH-containing cells appear to be smaller, and many of
them do not exhibit immunostained dendrites (arrows). Scale bar, 20 wm.

Because DA cell loss during normal aging of human (Anglade et
al., 1997) and nonhuman primates (~50%) (Emborg et al., 1998) as
well as in PD (Burke and Kholodilov, 1998) is, at least partly,
associated with apoptotic cell death, estrogens may play a critical
role in slowing and/or preventing this process. Our findings are
consistent with and help to explain epidemiological and anecdotal
data, which suggest that PD progresses more slowly in women
receiving hormone replacement therapy and that PD affects more
men than women (Dluzen et al., 1998; Saunders-Pullman et al.,
1999). Furthermore, controlled clinical studies, in which estrogen
was administered to nondemented postmenopausal women, have
found that estrogen enhances memory, as it also does in young
men, and protects against memory decline (Resnick et al., 1997,
Sherwin, 1997).

In addition to its role in Parkinson’s disease, the mesencephalic
DA system in conjunction with the prefrontal cortex has long-
standing links with mnemonic and cognitive tasks (Goldman-
Rakic, 1998; McCarthy et al., 1996). In subhuman primates, the
prefrontal cortex receives a relatively dense innervation of DA
axons (Williams and Goldman-Rakic, 1993) that form specific
synaptic triads (Goldman-Rakic et al., 1989). DA depletion in the
prefrontal cortex induced by 6-hydroxydopamine or infusion of DA
antagonists in this cortical area produces deficits in monkeys per-
forming working-memory tasks and disrupts performance in

Leranth et al. « Estrogen Effects in Substantia Nigra in Primates

oculomotor-delayed response tasks, respectively (Brozosky et al.,
1979; Sawaguchi and Goldman-Rakic, 1991, 1994). In contrast,
administration of levodopa to parkinsonian MPTP-treated mon-
keys ameliorates spatial memory impairments (Fernandez-Ruiz et
al., 1999). A reduced DA level in the prefrontal cortex has also been
linked to cognitive disturbances of patients suffering from schizo-
phrenia and Parkinson’s disease, including substandard perfor-
mance on frontal lobe tasks such as the Wisconsin Card Sorting
Test (Weinberger, 1987; Goldman-Rakic, 1991). Furthermore, DA
levels also dramatically decrease in the prefrontal cortex of aged
monkeys (Goldman-Rakic and Brown, 1981). Therefore, protec-
tion of these vulnerable neurons by estrogen might be relevant to
slowing down the progression of PD and preventing the cognitive
impairment in PD and/or mnemonic and cognitive impairments
associated with diseases and aging.
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